Magnetic vortex and antivortex are nonuniform magnetization configurations that can be also achieved in spin-torque oscillators either isolated or as vortex-antivortex pair, namely vortex dipole. This paper shows a systematic micromagnetic study about the identification of soliton dynamics characterized by different skyrmion numbers. Our results show the excitation of both rotation and translation of vortex dipoles and rotating vortex quadrupoles. Those different scenarios can be achieved by changing the geometrical parameters of spin valve and the amplitude of external field. The origin of the different dynamical behaviors is explained within a micromagnetic framework.
I. INTRODUCTION

I
N RECENT YEARS, nonuniform magnetization configurations have been found to be among the most typical configurations in the field of magnetic nanostructures [1] - [9] . In spintronic applications [10] - [12] , the nonuniform configurations are nucleated not only in the micrometer-sized sensors [13] , or extended nanocontact spin-transfer oscillators [14] , [15] , but also in spin valves (SVs) with dimensions in the range of hundred nanometers [16] . A full micromagnetic formalism is the adequate framework for getting insight in the complex nonuniform magnetization dynamics of those nanostructures [17] - [20] .
A direct spin polarized current flowing throw a free layer (FL) of SVs can induce microwave steady-state magnetization precession [10] . In particular, a rotational vortex/antivortex pair can be excited if the current is injected locally in the FL via a nanoaperture [21] . This soliton-type dynamics, vortex-antivortex pair (vortex dipole), was also predicted by analytical models in the pure conservative case [22] and confirmed in the presence of both damping and localized spintransfer torque [23] .
Here, we present a full micromagnetic study on different scenarios, where the excitation of different soliton modes occurs by means of the local compensation of the Gilbert damping via the application of a spin-polarized current. In particular, we obtain: 1) rotating vortex-antivortex pair (vortex and antivortex have different polarity, skyrmion number |S| ≈ 1); 2) translating vortex-antivortex pair (vortex and antivortex have the same polarity, S ≈ 0); and 3) vortex quadrupole (the two vortexes have the same polarity and the two antivortexes have the same polarity, but it is different from the one of the vortexes, | S| ≈ 2) [24] . Our results are obtained by fixing the material parameters and changing the shape (circular, elliptical, and rectangular) and the size of the FL ferromagnet of the SV and also the external field and current.
II. MICROMAGNETIC MODEL AND COMPUTATIONAL DETAILS
We study the spin-transfer-torque-induced magnetization dynamics in SVs with the active part composed by permalloy (Py) ( in nanometers; Fig. 1(a) ]. The thinner Py is the FL, whereas the thicker Py acts as polarizer (PL). The systematic study is performed for different geometrical and physical parameters, but here we point our attention on the following three different setups by maintaining the same physical parameters, as indicated at the end of this section: a) elliptical cross section with axes of 250 and 150 nm and axes of 250 and 120 nm; b) circular cross section with diameter of 250 nm; c) rectangular cross section with dimensions 250 × 150 and 500 × 300 nm 2 . A 40 nm diameter nanoaperture is considered in all the devices to enable the localized injection of spin-polarized currents into the FL. We use a Cartesian system of coordinates in which the major axis of the ellipse or the long dimension of the rectangle is along the x-axis and the in-plane hard axis is along the y-axis. We use the convention that positive current corresponds to the flow of electrons from the FL to the PL.
Our results are based on the numerical solution of the Landau-Lifshitz-Gilbert-Slonczweski equation [25] 
where m = M/M s is the dimensionless magnetization vector (M s is the saturation magnetization), h eff = H eff /M s is the effective field, and m p is the fixed layer magnetization. g is the gyromagnetic splitting factor, γ 0 the gyromagnetic ratio, μ B the Bohr magneton, and e the electron charge. J Z (x, y) is the current density through the nanoaperture, t F L is the thickness of the dynamic layer, and dτ = γ 0 M S dt is the dimensionless time. The damping parameter is αs and ε(ϑ) is the spin-transfer torque efficiency function. The computations are performed by means of our own micromagnetic code, a finite-difference time-domain code (details can be found in [8] , [18] , and [19] ). The parameters used in all simulations reported in this paper are M s = 650 kA/m, α = 0.01, an exchange constant A = 1.3 × 10 −11 J/m, cubic computational cells of 5 × 5 × t F L nm 3 , and computational time discretization of 50 fs.
The effective field H eff contributions are demagnetizing field, exchange field, Oersted field, and external field. The initial state is characterized by free and pinned layers aligned along the same (+x) direction. The external field is always applied along the positive x-direction. The current is considered uniform below the nanoaperture and zero outside.
III. RESULTS
The discussion of our results is organized in three subsections: 1) vortex dipole rotation; 2) vortex dipole translation; and 3) vortex quadrupole rotation.
A. Vortex Dipole Rotation
In [21] , the dynamics of the vortex dipole was found in elliptical devices (250 × 150 nm 2 ). The rotating vortex dipole consists of a vortex and an antivortex with opposite polarity, which can rotate counterclockwise (CCW) or clockwise (CW) around the region, where the current is injected. Here, we show the results of a systematic study for different FL thicknesses and aspect ratio of the ellipse, as a function of applied current and field. Fig. 1(b) shows the current dependence (ellipse 250 × 150 nm 2 ) of the vortex dipole rotation frequency for t F L equal to 5, 4, and 2.5 nm at a magnetic field having magnitude of 25 mT. The oscillation frequency exhibits red shift on current in agreement with the analytical computations [22] , [23] . This is because the distance between the vortex and antivortex cores d VA increases with the current, while the frequency is inversely proportional to d VA . Quantitative comparison with analytical models is not possible since these models do not consider specifically the magnetostatic field, although some qualitative comments were mentioned in [23] . The effect of magnetostatic field can be analyzed just using a full micromagnetic framework. Fig. 1(b) also shows that for a fixed current, the oscillation frequency increases with t F L . At larger thicknesses, the z-component of the demagnetizing field is lower, allowing a stronger attraction of vortex and antivortex cores, leading to a more contracted vortex dipole (i.e., lower d VA and larger rotational frequency). Fig. 1(c) shows the oscillation frequency as function of current (fixed t F L = 4 nm) for two elliptical cross sections (250 × 150 and 250 × 120 nm 2 ) and a circular one (250 nm in diameter). The sense of rotation in the elliptical shape depends on the transient, and, once it is determined, it does not change with time. On the other hand, for the circular shape, the sense of rotation of the vortex dipole can change from CCW (vortex/antivortex with positive/negative polarity) [ Fig. 2(a) ], to CW (vortex/antivortex with negative/positive polarity) [ Fig. 2(b) ]. These jumps disappear at large currents. The reason of such a behavior is that the symmetry is broken by the Oersted field only. It introduces an energetic gap between the two rotational states [ e in the schematics of Fig. 2(c) ]. This gap is low, and the simple reflection of spin waves from the device borders can give rise to jumps from CCW to CW and vice versa. A further confirmation of this aspect was obtained by removing the Oersted field contribution. In that case, it is not possible to observe any ordered rotation of the dipole, because the energetic gap is null and none of the two senses can predominate even for a short time.
B. Vortex Dipole Translation
The translating vortex dipole consists of a vortex and an antivortex with the same polarity. Vortex dipole translation in the direction perpendicular to the line connecting the vortex antivortex cores was predicted in the first topological studies of vortex dipoles [24] . We have a confirmation of this behavior in our micromagnetic study for the FL with a rectangular cross section of dimensions 250 × 150 nm 2 and a t F L of 5 nm. The vortex dipole is nucleated on top of the region where the current is injected, it moves to the bottom part, and then it collapses (Fig. 3) . The magnetization dynamics is characterized by the alternate nucleation of vortex and antivortex with positive and negative polarity. This different behavior with respect to the one in [24] has to be attributed to the fact that here the damping is only compensated in the region, where the spin-polarized current is injected and the ferromagnet is subject to the confinement effect.
C. Vortex Quadrupole Rotation
A persistent magnetization precession characterized by a different new topological structure, a vortex quadrupole, is found for a rectangular section of 500 × 300 nm 2 and a t F L of 5 nm. The vortex quadrupole is characterized by two vortexes having the same polarity (+1 or −1) and two antivortexes with the same polarity (−1 or +1). Vortexes and antivortexes have opposite polarity. The vortex quadrupole rotation CCW or CW depends on the polarity of the vortex and antivortex as in the case of the vortex dipole. Prior, to reach this stationary rotational state, vortex and antivortex pairs are created and expelled from the region, where the current is injected till the symmetric quadrupole is formed and stabilized. Fig. 4(a) shows the oscillation frequency as function of current for different values of the external field (H = 25, 75, 100, and 125 mT). Our results indicate that the rotational frequency of the vortex quadrupole is slightly dependent on the current. With no Oersted field, we have obtained a weak red shift on current for all the external field values. In the presence of the Oersted field, we have achieved a nonmonotonic frequency current dependence at low field (for instance, 25 mT), while a weak red shift has been obtained at larger fields. Fig. 4(b) - (d) shows three snapshots characterizing the vortex quadrupole dynamics for CW rotation (H = 100 mT and J = 5 × 10 8 A/cm 2 ).
Since no topological model is at hand for this structure, we can just make some conjectures based on the vortex dipole characteristics. The decrease of the frequency with current could be explained in the same way as the rotating vortex dipole, namely an increase of the current leads to an expansion of the quadrupole that corresponds to a reduction of the oscillation frequency. For a fixed current density, the oscillation frequency increases as function of the field, being the field along the x-direction responsible to reduce the size of the quadrupole. Vortex quadrupoles were previously reported as intermediate states in large samples dynamics [17] , but always vortex-antivortex pairs annihilated for leading to a final vortex state or vortex dipole state. In addition, we have to point out two key differences with respect to that work: 1) the diameter nanoaperture (40 nm here and 80 nm in [17] ), which gives rise to a reduced effect of the Oersted field in our scenario, and 2) the finite dimension of the FL (while in [17] , an extended point contact geometry is studied and, therefore, the effect of confinement is negligible).
IV. DISCUSSION AND CONCLUSION
We have studied the vortex-based soliton dynamics in different kinds of point-contact SVs. Depending on the shape and the size of the SV, we have achieved different configurations, where the soliton mode is characterized by a rotating or translating vortex-antivortex pair, or a stable rotating quadrupole composed by two vortex-antivortex pairs. The magnetization dynamics depends also on the relative polarity of the vortex and the antivortex: when the polarities are opposite, the pairs rotates, whereas in the case of parallel polarities, they translate. We have found three topological different soliton dynamics driven by the spin-transfer torque effect. The three solitons are characterized by a different skyrmion number, which was computed as in [8] S = 1 4π n(x, y)dxdy (2) where n is the topological density function [9] . The rotating vortex dipole and quadrupole have nonzero Skyrmion number (>0 or <0 for CCW or CW rotation), while the translating vertex-antivertex pairs have a skyrmion number close to zero. The skyrmion number zero versus nonzero is the keypoint for the kind of dynamics. In the former configuration, a shifting of the soliton is achieved; on the other hand, solitons with nonzero skyrmion number may rotate. The results here proposed open new perspective in the dynamical studies of topological solitons excited by a spinpolarized current. In particular, we have identified a strategy that will permit from the experimental point of view the nucleation of different topological objects.
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